A primary infection of peritoneal macrophage cultures with the lactate dehydrogenase-elevating virus (LDV) results in productive infection of 3 to 20% of the cells. When cultures were incubated in the absence of macrophage growth factor (MGF), LDV production ceased after a single cycle, but in cultures in which macrophage replication was stimulated by the presence of MGF LDV production continued for several weeks at a low level, representing not more than 1% of that observed during the acute phase. Significant amounts of interferon were not present in either acutely or persistently infected cultures, and treatment of persistently infected cultures with anti-interferon globulin or superinfection with LDV did not significantly stimulate LDV replication. Macrophage cultures established with peritoneal macrophages from LDV-infected mice also showed only a low level of LDV replication and were resistant to superinfection by LDV. Mouse hepatitis virus, Semliki Forest virus and vesicular stomatitis virus, on the other hand, replicated normally in LDV-persistently infected macrophage cultures. LDV replication was relatively resistant to interferon whether added to the cultures or generated endogenously by infection with Newcastle disease virus or defective-interfering (DI) particles of vesicular stomatitis virus. Temperature-sensitive mutants or DI particles of LDV were not detected in LDV-persistently infected cultures or chronically infected mice. The results support our hypothesis that the decrease in LDV production in mice or macrophage cultures at the end of the acute phase results from the destruction of the subpopulation of macrophages that is permissive for LDV, and that the low level persistent infection involves the passage of the virus to new permissive cells that are generated continuously, although at a low rate, from non-permissive precursor cells.
INTRODUCTION
Certain animal viruses possess the ability to establish persistent infections in animals and/or cell culture systems (Holland & Levine, 1978) . Several mechanisms have been implicated in the maintenance of the persistent infections (Holland & Levine, 1978) . DNA viruses, such as herpesviruses and papovaviruses, as well as retroviruses may persist in cells in provirus or episomal form. In the case of RNA viruses other than retroviruses, interferon, defective-interfering (DI) particles and temperature-sensitive (ts) mutants have been shown to play a role, but their relative importance is not entirely clear and may vary with the system (Holland & Levine, 1978) . DI particles and interferon have generally been found to be required for establishing persistent infections in model cell culture systems by cytocidal 0022-1317/82/0000-4918 $02.00 © 1982 SGM viruses such as vesicular stomatitis virus (VSV; Holland et al., 1979; Nishiyama et al., 1978; Ramseur & Friedman, 1978; Youngner et al., 1978) , togaviruses (Schmaljohn & Blair, 1979; Weiss et al., 1980) , reovirus (Ahmed & Graham, 1977) , lymphocytic choriomeningitis virus (LCM; Welsh & Oldstone, 1977) and measles virus (Fisher & Rapp, 1979) , but to what extent they may be needed to maintain the persistent infection is less certain. Cells that are competent in interferon synthesis, such as mouse L cells, when persistently infected with VSV have been found to be cross-resistant to other viruses, and anti-interferon globulin stimulates VSV production and cytopathic changes in these cultures (Youngner et al., 1978) . Thus, even though little, if any, interferon can be detected in the culture fluid, interferon seems to be an important factor regulating virus replication during the persistent infection of these cells. D1 particles may play a similar role in interferon-incompetent cells, such as BHK cells (Holland et aL, 1979; Holland & Levine, 1978) . In addition, however, in most systems investigated ts mutants develop rapidly and become selected, and these ts mutants can establish persistent infections in cell cultures in the absence of DI particles or interferon (Holland & Levine, 1978; Weiss et al., 1980; Youngner et al., 1978) . The molecular functions of these mutants and the nature of the pressure for their selection are not understood. To what extent interferon, DI particles and ts mutants play a role in natural persistent infections in man and animals by these RNA viruses is even more obscure.
The progress of an infection of mice and macrophages in culture with the lactate dehydrogenase-elevating virus (LDV) differs substantially from infections caused by other viruses (see preceding paper, Stueckemann et al., 1982) and our studies suggest a novel mechanism by which a virus can cause a life-long persistent infection of an animal or persist in cell cultures. It is based on the limited specificity of LDV for a subpopulation of macrophages. These cells are probably continuously generated from precursor cells in the body and also in macrophage growth factor (MGF)-stimulated primary macrophage cultures, and the virus, therefore, can persist by continuous passage to newly formed permissive cells.
METHODS
Most materials and methods pertaining to this study have been described in the preceding paper (Stueckemann et al., 1982) . Additional methods are as follows.
Additional cell lines. L241 (Lucas et al., 1977) and DBT (Kumanishi, 1967) cells were kindly supplied by Dr M. V. Haspel and Dr S. Stohlman respectively. They were propagated as described for other cell lines in the preceding paper (Stueckemann et al., 1982) .
Other viruses. Mouse hepatitis virus (MHV)-A59 (kindly supplied by Dr K. Holmes) was routinely propagated in DBT mouse astrocytoma cells and titrated by plaque assay in L241 cells. Primary macrophage cultures were infected with about 10 p.f.u, of A59 per cell. Newcastle disease virus (NDV, strains B 1 and 313/3, kindly supplied by Dr J. Newman) was propagated in 11-day-old embryonated chickens' eggs (Friedman, 1979) . The allantoic fluid contained about l0 6 p.f.u./ml as determined by plaque assay on chicken embryo cell cultures. VSV (Indiana serotype, kindly supplied by Dr J. J. Holland) was plaque-purified two or three times on BHK cells and then grown up in BHK cells (Holland et al.. 1979) . The preparation of standard virus contained about 1 x 10 9 p.f.u./ml as determined by plaque assay on BHK21 cells. The 'snapback' VSV DI particle C5 (Perraulk 1976; kindly supplied by Dr J. Perrault) was propagated in BHK ceils in the presence of standard VSV and partially purified by a single sucrose density gradient centrifugation (Doyle & Holland, 1973) . The preparation contained about l0 /~g protein of purified DI particles per ml (M. Holth & P. G. W. Plagemann, unpublished results). Semliki Forest virus (SFV, kindly supplied by Dr I. Kennedy) was propagated and titrated in the same manner as VSV.
Interferon and anti-intelferon globulin. Crude mouse interferon was prepared in mouse L cells (Friedman, 1979) . L cell cultures were infected with l0 p.f.u, of NDV (strain 313/3 or B1) per cell. After 24 h of incubation at 37 °C the cell lysate was clarified by centrifugation, and the supernatant fluid was acidified to pH 2, stored at 4 °C for 5 days and then neutralized. The preparations contained about 3000 and 10000 units of interferon/ml. One unit was the amount of interferon that reduced the formation of plaques by standard VSV in BHK cells 50% (Friedman, 1979) . (Our laboratory unit is, within experimental error, equivalent to 1 international unit, in terms of the WHO international reference preparation of mouse interferon G-002-904-511, provided by the Institute of Allergy and Infectious Diseases, NIH, Bethesda, Md., U.S.A.) Sheep antibody to mouse L cell interferon (300000 units) and control sheep globulin were supplied in lyophilized form by the Antiviral Substances Program of the National Institute of Allergy and Infectious Diseases. The globulins were dissolved in 5 ml sterile saline. One unit of anti-interferon was defined as the amount that neutralized to 50% 10 units of mouse interferon.
RESULTS

Persistent infection of macrophage cultures
In previous papers (Tong et al., 1977; Stueckemann et al., 1982) we have documented that LDV replication in macrophage cultures decreases precipitously 1 to 2 days after a primary infection, just as is observed in the animal (Plagemann et al., 1963) . However, we found that when the cultures were incubated in medium containing MGF (L cell-conditioned medium) infectious LDV, although at a low titre (104 to 10 6 IDs0/ml culture fluid), could be detected consistently for several weeks. Since the medium was renewed twice per week and LDV has a tl/2 of 3 to 8 h in cell culture medium at 37 °C (Plagemann & Swim, 1966; Rowson & Mahy, 1975 ) the finding indicates a low level persistent LDV production in these cultures just as previously observed in mouse lung and spleen cultures (Plagemann & Swim, 1966) . LDV production, however, was so low that it could not be detected by measuring the incorporation of [3H]uridine into extracellutar virus and only very few, if any, productively infected cells could be detected by the autoradiographic method (Table 1, control cultures).
In a few experiments, a small increase in LDV production was observed in persistently infected cultures when they were superinfected with LDV (Table 1 ). The autoradiographic analyses indicated that virus production reflected the productive infection of a few permissive cells which were present in these persistently infected cultures (Table 1) . However, LDV production and the proportion of LDV-positive cells were much lower in the superinfected persistently infected cultures (Table 1 ) than in the acutely infected companion cultures (7 to 8 % LDV + cells; 20000 to 50000 ct/min incorporated into LDV/gradient; see Stueckemann et al., 1982) . The effect of superinfection was somewhat variable in repeated experiments with different batches of persistently infected macrophage cultures. In some experiments superinfection did not significantly increase LDV production or the proportion of productively infected cells. In general, superinfection had little or no significant effect on the 24-h yield of infectious LDV (10 s to 10 6 IDs0/ml, compared to l0 7 to 108 IDs0/ml of culture fluid in acutely infected cultures). It should also be emphasized that the cell densities and proportion of replicating cells were similar in persistently infected and uninfected companion cultures.
Cultures of macrophages established with cells harvested from mice 24 h after infection with LDV or from chronically infected mice behaved similarly to those that were persistently infected in vitro. Whether in culture for 1, 12 or 28 days, no cells synthesizing LDV RNA in amounts sufficient to be detected autoradiographically were found and only very little radioactivity was recovered in extracellular LDV (see Stueckemann et al., 1982) . Superinfection had little or no significant effect. These cultures, however, were persistently infected since infectious LDV was detectable in the culture fluid over a 28-day period in culture, but the titres of LDV never exceeded 105 to 10 6 IDs0/ml, even 24 h after superinfection. In companion cultures of macrophages from uninfected mice which were LDV-infected at 1, 12 and 28 days in culture, on the other hand, about 8% of the cells 3H] uridine in the absence of actinomycin D for 14 h and the culture fluid was analysed by sucrose density gradient centrifugation for 3H in LDV. Other infected cultures were first superinfected with 100 IDs0 LDV/cell and then analysed in the same manner. Additional cultures were only infected with LDV after the indicated times in culture and then analysed as described above (acutely infected cultures; see text).
"~ Averages of counts of three coverslips in each of two dishes. The average density after 1 day in culture was 191 x 103 cells/coverslip.
:~ ND, Not determined. 1.9 0.6 9600 561000 * The experiment was conducted as described in Table i , except that the cultures were incubated in growth medium lacking L cell-conditioned medium. Cultures were infected with LDV at indicated times of incubation in this medium and at one of these times coverslip cultures were also labelled for 24 h with ~3Hlthymidine and then analysed by autoradiography. Also, after removal of the culture fluid from plate cultures labelled with [3H]uridine for 24 h, the radioactivity in the acid-soluble pool of the cells was determined as described previously (Tong et al., 1977) .
became productively infected and about 15 000 ct/min were recovered in extracellular LDV per gradient.
Establishment of a persistent infection in macrophage cultures depended on the continuous presence of MGF. When 24-h macrophage cultures were infected with LDV and incubated in medium lacking MGF the titre of LDV decreased progressively after the initial burst of production until little or no virus was present 2 to 4 weeks post-infection (Brinton-Darnell et al., 1975;  and additional data not shown). In the absence of MGF the macrophages appeared healthy for at least 2 weeks in culture, but no DNA synthesis was initiated. Even the capacity of the permissive cells originally present to support LDV replication was lost during 8 days in culture (Table 2 ). While about 12% of the cells became infected in 24-h cultures, less than 2% became infected in 8-day cultures (Table 2, 3rd column) and decreasing amounts of uridine-labelled virus were recovered in the extracellular fluid with increase in culture age (Table 2, Table 3 ). radioactivity in the acid-soluble pool was associated with uracil nucleotides (data not shown).
We observed that even in most persistently infected cultures incubated with MGF, LDV replication ceased at some point. It occurred in some cultures as early as 2 weeks, whereas in others after several months, and always seemed to correlate with cessation of replication of the macrophages and their deterioration in these cultures.
Potential factors involved in persistent LD V infection
We have investigated interferon, DI particles and ts mutants as potential factors involved in the rapid depression of LDV RNA synthesis in macrophages 12 to 24 h post-infection and in the maintenance of a persistent infection by LDV. We have assayed the medium of infected cultures for interferon. The culture fluid contained <2 units of interferon/ml regardless of the age at which the cultures were infected and whether the medium came from cultures in the acute or persistent phase of infection. Furthermore, LDV replicated normally in macrophages that were plated on to superinfection-resistant, LDV-infected cultures. For example, an LDV-infected culture superinfected with LDV 26 h after primary infection incorporated 6000 ct/min [3H]uridine into extracellular LDV per culture between 2 and 18 h after superinfection. A companion culture which was overlaid with fresh macrophages 2 h prior to superinfection, on the other hand, incorporated 28000 ct/min into LDV/culture, which was about the same amount of radioactivity (20000 ct/min/culture) incorporated by a control culture set up with the same number of macrophages used in the overlay and then LDV-infected and exposed to [3H]uridine.
We also found that the apparent resistance of LDV-persistently infected cultures to superinfection was confined to LDV. MHV-A59 replicated normally in cultures infected with LDV, 1 day (Fig. 1) or 21 days (data not shown) before infection with MHV. Other viruses we tested replicated poorly in our macrophage cultures. Infection of 24-h or 1-to 2-week-old macrophage cultures with VSV or SFV at 10 to 100 p.f.u./cell resulted in virus yields of < 1 p.f.u./cell and very few cells became productively infected, although VSV caused considerable * Replicate 14-day (expt. 1) or 90-day (expt. II) macrophage cultures were exposed to about I p.f.u. NDV/cell, 1 VSV DI particle/cell, or the indicated units of interferon (IFN)/culture or remained untreated. After 24 h of incubation the culture fluid was removed and titrated for interferon. The cultures were then infected with LDV. The medium was supplemented with 10 pCi [JH]uridine/ml at 2 h post infection. At 18 h post-infection the culture fluid was analysed for LDV infectivity in mice and by gradient centrifugation for ~H in LDV.
cell destruction (M. Holth & P. G. W. Plagemann, unpublished results). Nevertheless, VSV and SFV replication was about the same in normal cultures and cultures chronically infected with LDV.
In addition, neither exogenously added mouse interferon nor interferon endogenously generated by exposure to NDV (Friedman, 1979) or VSV DI particles (Marcus & Sekellik, 1977) had much effect on the production of LDV in 14-or 90-day macrophage cultures as measured by the incorporation of [3Hluridine into extracellular LDV (Table 3) or infectivity titrations in mice; the titres of all culture fluids from 24-h infected cultures fell between 107 and 108 ID~0/ml. Other experiments showed that treatment of 24-h macrophage cultures with NDV, VSV DI particles or interferon had no effect on their incorporation of [3Hluridine into the acid-soluble pool or cellular nucleic acids (data not shown).
The relative resistance of LDV replication to interferon contrasted with the strong inhibition of the replication of MHV-A59 in these macrophage cultures. A 24-h pretreatment of macrophage cultures with NDV or interferon inhibited completely or almost completely the replication of MHV (Fig. 1) . The inhibition of MHV replication by interferon was completely prevented if the interferon (300 units) was incubated with 5000 units of anti-interferon globulin at 37 °C for 30 min before addition to cells (data not shown). Other experiments showed that anti-interferon globulin, at the same concentration that completely prevented the inhibition by interferon of the replication of MHV in macrophage cultures, had no effect on LDV replication either during the acute phase or in chronically infected cultures (Table 4) . LDV titres decreased in treated cultures as in control cultures between 24 and 72 h post-infection and little labelled virus was produced when the cultures were exposed to [3H]uridine from 24 to 40 h post-infection. Anti-interferon globulin also did not stimulate LDV replication in chronically infected cultures when added 7 days after a primary infection.
We could also not detect any evidence that DI particles or ts mutants of LDV developed during persistent infection of mice or in culture. Co-infection of macrophage cultures with 10, 100 and 500 IDs0 of standard LDV/cell and 1 IDs0 of LDV/cell from plasma of mice chronically infected with LDV for 6 months resulted in about the same amount of [~H]uridine incorporated into extracellular LDV and the same proportion of productively infected cells as infection with standard LDV alone ( Table 5) . Because of the low LDV titres of plasma from chronically infected mice (105 to 10 6 IDso/ml) 1 IDs0/cell was the maximum inoculum that could be administered. Furthermore, the virus isolated from 4-month chronically infected mice and grown once in macrophage cultures was indistinguishable from standard virus in its buoyant density and no particles with altered density were detected (data not shown). There was also no evidence of the development of DI particles during 20 undiluted passages of LDV in macrophage cultures (Collins, 1975), * Replicate macrophage cultures seeded with 2 × 106 peritoneal cells/60-mm Petri plate in medium containing MGF were infected with LDV after 1 day in culture. One set of cultures was supplemented as indicated with 5000 units anti-interferon globulin/plate or an equivalent amount of control globulin 30 min post-infection. Samples of the culture fluid were assayed for infectious virus 24 and 72 h after the additions. Untreated and treated cultures were also labelled with [ 3H]uridine for the indicated time periods after the additions and the culture fluid was analysed by sucrose density gradient centrifugation for 3H in LDV. The culture fluid of a second set of infected cultures was renewed 3 and 7 days post-infection. The cultures were then supplemented with normal globulin and anti-interferon globulin and further analysed as described already.
"[" ND, Not determined. * Replicate cultures seeded with 3 × 105 cells/coverslip and 2 × 10 6 cells/60-mm Petri plate in medium containing MGF were infected with the indicated m.o.i, of LDV in plasma from acutely infected mice or 6-month chronically infected mice (0.5 ml undiluted plasma/culture) and incubated at the indicated temperatures. Coverslip cultures were labelled in the presence of actinomycin D from 6 to 8 h post infection and the proportion of labelled cells (LDV + cells) determined by autoradiography. Plate cultures were labelled with [3H]uridine from 4 to 18 h post-infection and the culture fluid was analysed by sucrose density gradient centrifugation for 3H in LDV.
The replication of standard virus and LDV isolated from chronically infected mice in macrophage cultures was affected by temperature (33, 37 or 39 °C) in a similar manner (Table 5) . Particularly, both replicated equally poorly in cultures incubated at 39 °C and there was no preferential enhanced replication of the virus from chronically infected mice at lower temperatures.
DISCUSSION
The results reported in the preceding paper (Stueckemann et al., 1982) and from the present study suggest that the decrease in LDV production beyond 24 h after a primary infection of mice or macrophage cultures reflects the death of the productively infected cells. We postulate that the subsequent persistent infection is maintained by passage of LDV to new permissive cells continuously formed from non-permissive precursor cells.
The decrease in LDV production in animals beginning 1 to 2 days post-infection has been postulated to be due to inhibition by interferon produced transiently between 6 and 35 h post-infection (Du Buy et al., 1973; Evans & Riley, 1968) , but LDV production in macrophage cultures also largely stops 24 to 36 h post-infection, even though only a small amount of interferon is produced, and LDV replication in macrophages is inhibited only 50 to 80% by much higher concentrations of exogenously or endogenously generated interferon (Table 3) . These results are in agreement with previously reported data (Du Buy et al., 1973) . That interferon is found in detectable amounts in acutely infected mice is probably a reflection of the relatively large number of permissive cells that are available in a mouse in a primary infection with LDV and respond with interferon production. Macrophages are one of the main types of cells responsible for interferon production in the body (Boreck~, et al., 1974; Fleit & Rabinovitch, 1981; Schultz et al., 1977; De Maeyer & De Maeyer-Guignard, 1979) , but it seems likely that interferon production in LDV-infected mice or cell cultures is limited to productively infected cells. In the case of positive-strand viruses, such as LDV, gene expression is required for interferon production, apparently because the synthesis of double-stranded RNA, the main mediator in the interferon induction, depends on the formation for the virus RNA polymerase (Fuller & Marcus, 1980a, b) .
According to our conclusions interferon production is transient in LDV-infected mice because of the death of the infected cells. Interferon is not detectable in chronically infected mice (Du Buy et al., 1973; Evans & Riley, 1968) because so few cells are productively infected at any one time. On the basis of the LDV titres found in 1-day infected and chronically infected mice and a virus yield of 10000 IDs0/macrophage we estimate that between 105 and 106 macrophages become productively infected in a mouse upon a primary infection, while productive infection of 10 to 100 macrophages per day seems about sufficient to account for the LDV titres in chronically infected mice. In addition, LDV might be a relatively poor interferon inducer in macrophages as reported for other togaviruses (Van der Groen et al., 1976) . Either of these reasons or both might also account for the fact that LDV infection of macrophage cultures results in relatively little interferon production. That the cells in these cultures are capable of interferon production, even 24 h after seeding, is clearly indicated by the effects of NDV and VSV DI particles (Table 3) . However, NDV and VSV DI particles probably can induce interferon production in all of the macrophages, even though no significant virus replication occurs, because NDV carries its own RNA polymerase, whereas the DI particles contain double-stranded RNA (Perrault, 1976) .
That interferon does not limit the replication of LDV in persistently infected cultures is also indicated by the finding that MHV-A59 replicates normally in such cultures, infecting 100% of the cells (Fig. 1) , as well as by the failure of anti-interferon globulin to stimulate LDV replication in such cultures (Table 4) . Our results also show that the maintenance of the persistent LDV infection is independent of the development of DI particles and ts mutants. According to our hypothesis the persistence of LDV in mice and macrophage cultures is entirely accounted for by its extreme specificity for a subpopulation of macrophages. It requires, however, that the precursor cells that give rise to permissive cells are themselves non-permissive for LDV.
In the animal the permissive cells seem to become productively infected and killed as rapidly as they are formed since we have invariably failed to find any cells that could be productively infected in cultures established with macrophages from LDV-infected mice. Some LDV-persistently infected macrophage cultures, however, contained a few cells that could be productively infected with LDV (Table 1) . These might have represented permissive cells that had escaped initial infection. In addition, however, the LDV concentrations in persistently infected cultures (about 105 IDs0/ml culture fluid) are too low to ensure the infection of all permissive ceils (Tong et al., 1977) , so that one could expect that some newly formed permissive cells might also escape infection.
How widespread mechanisms of virus persistence, such as the one we postulate for LDV, might be in nature is not known, but they might be potentially important with respect to diseases of man and animals, It is obvious that such persistent infections may be difficult to detect if, as in the case of LDV, it is not associated with gross pathological effects on the host because it involves only very few cells in the body, like the subpopulation of macrophages in LDV-infected mice. The only effect that is invariably associated with LDV infection is a defect in the clearance of enzymes and particles from the blood which results in the elevation of lactic dehydrogenase (LDH) and certain other, but not all, enzymes in the blood (Plagemann et al., 1962; Rowson & Mahy, 1975) . Our results suggest that the subpopulation of macrophages in mice that is permissive for LDV replication plays a specific role in the clearance of LDH and certain other enzymes and that the defect in blood clearance results from the continuous destruction of these cells as a consequence of LDV infection, but other mechanisms could also account for the impairment of blood clearance. There is no question that the main cause of the plasma enzyme elevations in LDV-infected mice is impaired clearance (Rowson & Mahy, 1975) . The amount of LDH released from LDV-infected macrophages would not have significant impact on plasma LDH levels, not even in the acute phase of infection. On the basis of a LDH content of 400 units/106 macrophages (K. Kowalchyk & P. G. W. Plagemann, unpublished results) we estimate that the destruction of 106 macrophages infected during the acute phase would not raise plasma LDH levels significantly.
The question also arises whether persistent infections like that established by LDV may play a role under certain conditions in the development of disease in animals and man. An acute infection with LDV may cause a rapid and generally fatal polioencephalitis in high leukaemic strains of mice that are immunosuppressed either as a result of old age or chemical treatment (Martinez et al., 1979; Pease & Murphy, 1980) . C58 mice chronically infected with LDV rarely developed the disease after artificial immunosuppression, but some chronically infected mice develop the disease during old age (J. F. Nawrocki, personal communication).
